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ABSTRACT

The objective of this study is to develop a technique to measure the characteristics of

space plasmas under highly disturbed conditions; e.g., non-Maxwellian plasmas with strong

drifting populations and plasmas contaminated by spacecraft outgassing. The approach

to meet this objective, conducted in conjunction with current MSFC/ES83 activities, is

to extend the capabilities of the Differential Ion Flux Probe (DIFP) to include a high

throughput mass measurement that does not require either high voltage or contamination

sensitive devices such as channeltron electron multipliers or microchannel plates. This

will significantly reduce the complexity and expense of instrument fabrication, testing,

and integration of flight hardware compared to classical mass analyzers. The feasibility

of the enhanced DIFP has been verified by using breadboard test models in a controlled

plasma environment. The ability to manipulate particles through the instrument regardless

of incident angle, energy, or ionic component has been amply demonstrated. The energy

analysis mode is differential and leads directly to a time-of-flight mass measurement. With

the new design, the DIFP will deconvolve multiple ion streams and analyze each stream

independently for ion flux intensity, velocity (including direction of motion), mass, and

temperature (or energy distribution). In particular, such an instrument will be invaluable

on follow-on electrodynamic TSS missions and, possibly, for environmental monitoring on

the space station Freedom.



1.0 INTRODUCTION

With our improved comprehension of the complexity of plasma processes involved in

the earth's magnetosphere and in the local, perturbed environment of a spacecraft, the

need for more sophisticated measurements and a more careful assessment of spacecraft en-

vironmental effects has become apparent. For example, it appears that spacecraft charging

effects were erroneously interpreted as either a wake traversal of the satellite Ganymede or

a "bubbling" state of the Jovian magnetospheric plasma [Khurana et al., 1987]. The effect

of spacecraft-space plasma interactions was further emphasized by the results of the STS-3

and Spacelab-2 missions, where outgassed contaminents produced a co-orbiting neutral

gas cloud that surrounded the space shuttle and significantly modified the physics of its

interaction with the ionosphere [Pickett et al., 1985; Paterson and Frank, 1989]. In addi-

tion, with the renewal of space shuttle missions, active experiments involving perturbing

influences, such as charged particle beam injections, high power rf wave injections, and

plasma modification via gas injections are planned. Clearly, we must deal with highly per-

turbed situations that represent strong departures from the ambient conditions for which

the majority of the existing plasma instrumentation was designed.

This investigation supported MSFC/ES83 activities to develop plasma instrumenta-

tion that could be available for sub-orbital and orbital missions in order to, not only

investigate spacecraft-space plasma interactions, but also to investigate the acceleration

of charged particles in the polar regions of the magnetosphere. Such accelerations are an

important aspect of natural phenomena such as the polar wind and other high latitude

plasma outflows by which particles escape the ionosphere and populate the terrestrial mag-

netosphere [Chappell et al., 1987]. Spacecraft that are positioned to study these processes

will pass through highly disturbed, non-equilibrium plasmas and require the type instru-

mentation examined herein. For example, this instrument will provide measurements of

the early development of ion conics in the ionospheric plasma and is able to deconvolve



these effects from the effects of spacecraft charging [Stone et al., 1988a; Katz and Davis,

19881.

2.0 OBJECTIVE

The standard Differential Ion Flux Probe (DIFP) [e. g., Stone, 1977] is capable of

deconvolving multiple ion streams incident at a single point in space. Measurements of the

ion flow direction, drift energy, current density, and temperature for each individual ion

stream are performed. However, vector ion flux measurements cannot be fully analyzed

without a knowledge of the ion mass of each individual stream. When multiple streams

exist, it is neccessary to deconvolve them unambiguously and assign a mass to each stream.

In the data obtained from existing instruments, an uncertainty exists in the mass assign-

ment in the event of multiple streams and multiple ions; i.e., it is presently necessary to

assume either the ion mass or the drift velocity - neither being strictly valid in the polar

region where hydrogen, helium, and oxygen may each contribute to the plasma behavior, or

in the plasma environment of a spacecraft where pick-up of ionized contaminents negates

the assumption of both typical ionospheric composition and orbital velocity. (Note that a

classical ion mass spectrometer does not remove this ambiguity.)

Therefore, the objective of UAH's effort, together with that of MSFC/ES83, is to de-

velop a technique for measuring the ion mass associated with each individual ion stream in

nonparallel plasma flows that can become an integral part of the existing D!FP instrument.

We will continue to pursue techniques that do not require high voltage or contamination

sensitive devices such as channeltron electron multipliers or microchannel plates because

of the additional complexity of the instrument design and interface requirements.

3.0 APPROACH

3.1 Brief Instrument History

The DIFP instrument was developed in-house at MSFC to meet unique measurement

requirements in laboratory plasma investigations [Stone, 1977]. These studies examined
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the complex particle behavior in the wake region of bodies placed in collisionless, super-

sonic, single-ion plasma flows. Among the particle disturbances diagnosed by the DIFP

was the converging of spatially limited, multiple ion streams onto the wake axis [Stone,

1981]. Further wake studies were performed in two-ion plasma flows where the DIFP was

also used to obtain the key measurements [Wright, 1987]. Since each ion mass was known

in these experiments, thereby removing the mass/drift velocity ambiguity, the motion of

each ion species could be determined.

Based on the laboratory research performed at MSFC, the DIFP was subsequently

redesigned for space flight [Stone et al., 1985]. During the OSS-1/STS-3 mission, the DIFP

provided the first differential vector measurements of the complex ion flow field in the local

environment of an orbiting vehicle [Stone et al., 1983, 1986]. The same instrument was

reflown on the Spacelab-2 mission and performed measurements in the wake of the shuttle

- an object much larger than any previous orbiting satellite. Results from this mission

showed that the particle behavior in the near wake of the shuttle is remarkably similar to

that observed in ground-based laboratory experiments which use small bodies [Stone et

al., 1988b].

The basic DIFP sensor design is currently part of the MSFC-developed Research on

Orbital Plasma Electrodynamics (ROPE) experiment that flew on the first mission of the

Tethered Satellite System (TSS-1) during August 1992. The electronics to control the

operation of the ROPE/DIFP were upgraded from the previous flight model. An eight

bit microprocessor was incorporated to provide additional capabilities and more flexibility

in the control logic. This modification will allow the instrument to be reconfigured for

different applications more easily and will permit the addition of new capabilities, such as

the proposed mass analysis.

Previous efforts to develop a mass measurement technique to combine with the DIFP

sensor included using the well known Bennett RF technique [Bennett, 1950]. The advan-

tage of the RF technique is its simplicity, its relatively large entrance aperature, and its
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ability to collect measureablecurrent without usingelectron multipliers and high voltage.

A number of variations of the Bennett techniquewerebreadboardedand extensively tested

at MSFC. However, these techniquesdid not meet the designcriteria of a sufficiently high

current throughput and sharp massanalysis over the range of 0 to 50 AMU [OarrutA,
1989].

3.2 Proposed Test Design

To enhance the DIFP to accomodate an ion mass analysis, the initial test design is

to use the DIFP ion deflection and collimation electro-optics to gate the ions for a time-

of-flight measurement. This approach is potentially superior to the Bennett technique in

that it wilI require no grids. The Bennett technique requires approximately 10 grids, which

greatly reduces overall sensitivity.

A conceptual sketch of the new technique is shown in Figure 1. The first deflection

plate followed by a collimator is taken from the existing DIFP sensor design. This section

is used to determine the angle of incidence of positive ions. Three additional deflection

plates (or "gates") have been added to the original DIFP design below the collimator. The

magnitude of the required bias voltage in the three-gate section gives a direct measurement

of the ion energy (trajectory B) while the ion mass is determined by modulating the bias

voltages to gate the ion stream to allow time-of-flight measurements (trajectory A). Note

that by forcing particles to follow a curved path in the lower section allows a differential

measurement of energy. This is a different technique than the gridded planar retarding

potential method used in the original DIFP.

Hereafter, a shorthand notation for the instrument under study will be used: DIFPM

- which means DIFP with Mass analysis.

3.3 Test Sequence

The test flow for the DIFPM study was as follows: (1) computer ray tracing was used

to investigate design feasibility and spacing between deflection plates. The program was

operated by MSFC/ES83 personnel. (2) Promising designs were breadboarded and tested
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in the MSFC Space Science Laboratory space plasma research facilities under ionospheric

conditions (i.e., under similar values of ion drift velocity, plasma temperature, and plasma

density). A rotatable turntable allowed investigation of the required angular response

range. The accelerating voltage supply currently used in the plasma source covers beam

energies up to 80 eV. Working gases of N + (28 AMU), Ar + (40 AMU), and Kr + (84 AMU)

were used. Data was recorded with standard X-Y plotters. A computer data acquisition

system was available and was prepared for use with the DIFPM, but was not used for

reasons discussed later in the text. A laboratory model of the flight D!FP sensor design

that is convertable to a standard, planar RPA was used to monitor the plasma stream

during testing. (3) Test data were carefully analyzed to determine the viability of the

proposed DIFPM design.

4.0 RESULTS FOR THE THREE-GATE DESIGN

Figure 2 shows an example of computer ray tracing of the "three-gate" design -

DIFPM design no. 1.1. Particles enter the instrument at the top of the diagram. Bias

voltages (¢1, ¢2, ¢3) are applied to the diagonal surfaces, with the polarity indicated by the

+, - signs. The stacked array of deflection plates focusses particles through the instrument.

The trajectory shown in Figure 2 corresponds to the mass analysis trajectory indicated

by "A" in Figure 1. A breadboard instrument was built to the dimensions indicated on

Figure 2. Each deflection plate and collimator consisted of 10 slits.

The deflection plate labeled ¢I serves as the angular discriminator. The angular range

of measurement does extend to 4-45 ° while the angular sensitivity of the DIFPM is slightly

less than that for the standard DIFP. The reduced data for the angular behavior will be

presented later in section 5.0. The throughput for design 1.1 is 0.41 as compared with

0.23 for the standard DIFP. It is noted that the voltages needed for instrument operation

in the lab are less than that predicted by the computer ray tracing. This indicates that

the electric field in the model is less than the actual case. The utility of the computer ray

tracing therefore lies not in its quantitative prediction but in serving as a guide for test
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designs. Calibration equationsdescribingthe DIFPM must thereforebe totally determined

from laboratory data.

Figure 3 presents data concerningthe energy analysisoperation. Ion trajectories are

shown Figure 3a while the detector responsefor eachtrajectory is displayed in Figure 3b.

A voltage sweepis applied to ¢2 and the opposite polarity applied to ¢3 while ¢1 and

¢4 remain constant. If the voltage value at the peak of the responsecurve (labeled with

*) is plotted versus beam energy, then the energy calibration curve is obtained. That

relationship is shown in Figure 3c and appears to be linear.

The operation of the DIFPM for the massanalysismode is depicted in Figure 4. Note

that the voltages required for the trajectories shown in Figure 4a are larger than those

needed for the energy measurement. The detector responsefor these trajectories is indi-

cated in Figure 4b. A voltagesweepis applied to ¢3 while ¢1, ¢2, and ¢4 remain constant.

The asymmetries and extraneouspeaksseenin the output aredue to misalignment of the

deflection plates and/or collimators and cross-talk betweenchannels. Improved alignment

between the internal components, increasedheight of the collimators, and a change in

spacingbetween the deflectionplates are expectedto clean-up the output signal.

The ability to control particles through the instrument in a desiredmanner hasbeen

demonstrated. However, problems were encounteredwhen test voltages were modulated

at RF frequenciesin order to examine the mass analysis capability. The electrometer

located inside the instrument had a severenoisepick-up problem that would mask any

"real" output signal. A changein signal grounding on the electrometer board corrected

this problem and was incorporated in a new instrument designdescribedin the following
section.

MSFC/EB24 personneldevelopedan IIF voltagesourcefor usewith our plasmacham-

ber testing. This circuit alsoservesasthe initial developmentof part of the flight electronics

for the DIFPM. The magnitude of voltage required of this circuit as dictated by the op-

eration shown in Figure 3a wasbeyond initial designcapabilities. To simplify instrument
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operation and also accomodate the RF circuit capability, a "four-gate" designwas con-

structed. With the new design, less voltage was expected to be required to focus particles

through the instrument.

5.0 RESULTS FOR THE FOUR-GATE DESIGN

The four-gate instrument configuration is referred to as design no. 2.1. Particle ray-

tracing through this design is shown in Figure 5. Approximately the same spacing between

deflection plates was used in this model as in design no. 1.1. The mass analysis trajectory is

again simulated. Note that (1) all of the deflection plates in the mass/energy anaylsis sec-

tion are operated at the same voltage thereby simplifying operation and (2) the curvature

of the particles is less than that shown in Figure 2a which could enhance throughput.

The configuration of the actual test hardware was different from the computer model.

In a continueing effort to reduce the required applied voltages, the spacing between the

plates in the energy/mass analysis section was doubled to 0.75 inches as compared with

the computer model and design no. 1.1. In addition, the top and bottom collimators were

made to be the same height.

5.1 Angular response and throughput

The angular response of design no. 2.1 is demonstrated in Figure 6 with the raw data.

A voltage sweep is applied to ¢1 while ¢2, Cs, ¢4, and ¢s remain constant at zero volts.

Plasma conditions for this data are ion mass = N2+ and beam energy = 37 eV. Note the

smooth variation in the envelope of the amplitudes with increasing angle-of-attack. For

angles 30 ° - 45 °, the DIFPM output has been multiplied by two.

The reduced angular response data for several energies and all masses is presented

in Figure 7. For comparison, the curves describing the Spacelab 2/DIFP performance are

included. In Figure 7a, the angle calibration curve is obtained by plotting (plate voltage

at the response curve peak/particle energy) versus angle-of-attack. For a given angle and

energy, DIFPM design no. 2.1 requires a slightly higher plate voltage than the Spacelab

2/DIFP version. To keep instrument voltages down and maintain the same angular sample
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range, the DIFPM front end should be modified by slightly increasing the drift region

between plate 1 and the top collimator. Further ray tracing can guide how much the

increase should be.

In Figure 7b, the angular sensitivity is displayed. The present instrument is shown

to be more sensitive with angle as compared to the Spacelab 2/DIFP. Note that the data

points are quite scattered. This resulted from an observed capacitance involving the plates

and possibly differences in the magnitudes of the lab generated voltages applied across the

slits. Recall that the applied voltage should be of equal magnitude but opposite polarity.

The response curve shifted both in voltage location and in amplitude according to the

direction of the ¢1 sweep. The convention used to acquire all data for the X-Y plotter

in this study was to begin a voltage sweep at zero and move in the appropriate positive

or negative direction as required. This capacitance (or charging) effect could influence

the exact quantitative values for the instrument operation in any mode. However, the

gross behavior of the instrument responses is very repeatable and correction of the above

problem for flight application should have only second order effects in the quantitative

calibration curves presented in this report.

The throughput for particles entering the instrument approximately along the normal

is 0.3. This value is lower than that for design no. 1.1 (0.41), not surprising since an extra

plate exists, but the throughput appears to be slightly higher than the standard DIFP.

The goal of a relatively high throughput for the DIFPM is achieved.

5.2 Energy analysis mode

The energy analysis operation results are displayed in Figure 8. The particle trajecto-

ries are indicated in Figure 8a while the instrument response for each trajectory is noted

in Figure 8b. The instrument response is obtained by applying a voltage sweep to ¢2 and

¢3 (with opposite polarity) and maintaining ¢4 and ¢5 at zero volts. The incident plasma

stream is approximately aligned with the instrument normal. ¢1 is chosen to maximize

the throughput. Note that extra peaks appear, denoted by the dots, as compared with the
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profile shownin Figure 3b. Thosepeakswerealso presentin the energy analysisoperation

of designno. 1.1but not shownsoasto emphasizeproof of concept. The energycalibration

curve for the main peak (denoted by .), obtained over the energy range 20 - 70 eV using

all three masses,is presentedin Figure 8c. The valuesfor the positive and negativepeaks

were averagedfor the plot. The data are describedby the following linear equation

¢E = ale + bl, (1)

where CE = voltage at the peak, E = the beam energy, al = 0.323 (Volts/eV), and

bl = 0.07 Volts. Note that the linear correlation coefficient r = 0.995671 is quite close to

1.

The extra or "ghost" peaks also have a linear function with beam energy. The ampli-

tude ratio of the secondary to main peak also has a preferred value. This information can

be used to discriminate between main and secondary peaks during energy analysis for a

plasma input with unknown properties.

The variation of the instrument response in the energy analysis mode for non-zero

angles-of-attack is illustrated in Figure 9. The voltage location of the peaks changes

slightly. The shift in peak voltage can increase with increasing angle. However, it is

believed that the correction with angle to the energy calibration curve is a second order

effect.

5.3 Mass analysis mode

The results for phase 1 of the mass analysis mode are displayed in Figure 10. Phase I

consists of selecting the appropriate particle trajectory (see Figure 10a). The instrument

response for each trajectory is noted in Figure 10b. The instrument response is obtained

by applying a voltage sweep to ¢2, ¢3, ¢4, and ¢5 in unison with the indicated polarity in

Figure 10a. Again the incident plasma stream is approximately aligned with the instrument

normal and ¢1 is chosen to maximize the throughput. Note the similarity in response with

that of the energy analysis mode shown in Figure 8b. Also note how the response is much
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cleanerrelative to designno. 1.1(seeFigure 4b). The relationship of the voltagelocation of

the main peak (denotedby ,) to the beamenergy is presentedin Figure 10cand described

by the following linear equation:

_M = a2m+ b2, (2)

where _M = voltage at the peak, E = the beam energy, a2 = 0.377 (Volts/eV), and

bx = -0.6 Vol_s. Note that the linear correlation coei_icient r = 0.99056 is quite close to

I. For ideal instrument operation, al from Eq. (I) should be the same as a2 from Eq. (2).

For the data shown the difference is about 17% . This small difference means that if the

voltage for the main peak in the energy analysis mode is used to define the mass analysis

trajectory, very little particle flux is lost.

The variation of the instrument response in phase I of the mass analysis mode for non-

zero angles-of-attack is illustrated in Figure II. The simplest presentation is to compare

_he energy analysis trajectory with the mass analysis trajectory at the same angle. The

voltage location of the peaks changes slightly. The shiR in peak voltage can increase with

increasing angle. This means that progressively more flux is lost in changing from the

energy analysis mode to the mass analysis mode at the higher angles-of-attack. Note that

an additional small amplitude peak appears in the mass trajectory mode. This ghost peak

is always present ill the non-zero angles-of-attack. Changes in the bottom collimator height

and/or location is expected to eliminate this ghos_ peak.

Phase 2 of the mass analysis mode is the time-of-flight _echnique. Modulating the peak

voltage applied to _he plates determined from the energy analysis mode ($E) introduces

timed 'ga_es' that particles with only a certain velocity V (or mass M) can pass through,

since V _ (E/M)½. The frequency of _he gate operation is given simply by

f= V/d, (3)

where d - the distance between gates. The modulating wave form should be a square

wave with ampli_ude +_E to -q_E. In this manner, both of _he dashed-lined trajectories
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of Figure 10a contribute to the instrument response.For the plate spacingof designno. 2.1,

the range of plasmaenergiesneeded,and the availableworking gases,the RF circuit used

in this test phasewas required to provide a squarewaveup to 1 MHz at + 40 to - 40Volts

amplitude.

Figure 12 showsthe instrument responseas a function of frequency. As noted above

the value for the frequency at which the particle flux should peak is f ocV oc(E/M)½ .

In Figure 12a, the output for various ion massesat the samebeam energy is displayed.

An arrow indicates the main peak for a given ion mass. Note that as ion massincreases,

the peak frequency decreases,asexpected. Severalghostpeaksof muchsmaller amplitude

than the main peak occur. Changesin the spacing betweenplates and a changein the

bottom collimator characteristicscould probably eliminate theseghosts. For the Kr + case,

the main peak occurs at approximately 475 kHz. We alsoexpect to seea peak at integral

multiples of the main peak frequency and indeed that is the caseas a secondarypeak of

lower intensity is observedat about 950 kHz. The main peak in each caseis clearly the

dominant signal. In Figure 12b, instrument output for variousenergiesat a constantmass

is displayed. An arrow locates the main peakfor eachenergy. As the energyincreases,the

peak frequency increases,as expected. Ghosts peaks are observedagain as well as the 2f

peak for the 20.5 eV case.

The reduced data for the mass (time-of-flight) cahbration curve is shown in Figure

13. The frequency of the main peak is plotted as a function of ion velocity. The data are

described by the following equation:

F = a3V+ b3, (4)

where F -- frequency of the main peak, V -- (2qE/M)½, q - electronic charge, a3 -
( kHz

45.02_Em-_/sj , and b = -9.9 kHz. The linear correlation coef_cient is r = 0.99813. In

comparing Eq. (4) with Eq. (3), we find that 1/as = 2.221 cm should represent the effective

distance between succesive time-of-flight gates. The distance between the slit aperature of

successive plates for design no. 2.1 is 0.75" (spacing) + 0.0625" (plate thickness) = 2.064
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cm. The small difference between the estimated and the measured distances verifies the

time-of-flight technique.

The variation of the instrument response with angle-of-attack is shown in Figure 14.

The ion mass and drift energy of the plasma were held constant. The q_l and q_E voltages

were chosen to maximize throughput before the modulation was applied. The frequency

position of the main peak is basically the same with at most a second order correction for

angle.

6.0 SUMMARY

The standard DIFP has been upgraded to include mass analysis. The feasibility

of the new design has been verified through testing in a drifting plasma environment.

The angular response over -45 ° to +45 ° remains qualitatively the same as before. A

minor change in the front end should enable the reproduction of the previous flight model

calibration results. In the new configuration, the section below the angle selection front

end has been replaced by a stack of four deflection plates - the "four-gate" design. Each

deflection plate is identical to the standard deflection plate used in the past. The ability

to manipulate particles through the four-gate design in both the energy and mass analysis

modes has been demonstrated. The instrument response for energy analysis operation is

differential in nature and linear with respect to applied plate voltage. The four-gate design

allows simple operation in the mass analysis mode in that all four deflection plates use the

same magnitude of applied voltage. Modulation of the plate voltage produces a true time-

of-flight measurement such that the frequency at the peak response is a linear function

of particle velocity. Instrument throughput is about 25% higher than the previous DIFP.

The results of this study serve as the foundation to construct a flight model that can be

used to diagnose multi-component, drifting, non-Maxwellian plasmas.
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FIGURE CAPTIONS

Figure 1. Schematic of a conceptual design for an integrated DIFP/mass measurement

technique that makes use of the DIFP electro-optics. Ion trajectory A represents the

"gated" mass measurement mode, while trajectory B represents the angle and energy

measurements mode.

..F.!gure 2. Example of computer ray tracing for the three-gate design (referred to as design

no. 1.1). Particles enter instrument at top of diagram. Bias voltages ($1, $2, $3 ) are ap-

plied to the diagonal surfaces, with the polarity indicated by the +,- signs. The stacked

array of deflection plates focusses particles through the instrument. Forcing the particles

to follow the curved path in the lower section allows a differential measurement of energy.

Figure 3. Data for DIFPM design no. 1.1. (a) Trajectories to be used for energy analysis.

(b) Particle flux for each trajectory shown in part (a). A voltage sweep is applied to $2

and the opposite polarity applied to $3 while $1 and $4 remain constant. (c) Preliminary

energy calibration curve with the indicated slope.

Figure 4. Data for DIFPM design no. 1.1. (a) Trajectories to be used for ion mass anal-

ysis. (b) Particle flux for each trajectory shown in part (a). A voltage sweep is applied to

$3 while $1, $2, and $4 remain constant. The dotted data result from cross talk between

channels.

Fi ure 5. Computer ray tracing for the "four-gate" design of the DIFPM (referred to as..... g

design no. 2.1).



Figure 6. Angular response for DIFPM design no. 2.1. A voltage sweep is applied to ¢1

while ¢2, ¢3, ¢4, and Cs remain constant at zero volts. Plasma conditions are ion mass

= N + and beam energy = 37 eV. For angles 30 ° - 45 °, the DIFPM output has been

multiplied by two.

Figure 7. Angular calibration curves for design no. 2.1. For comparison the characteristics

of the Spacelab-2/DIFP instrument are included. (a) Angle calibration: (plate voltage at

peak response/particle energy) versus angle-of-attack. (b) Angular sensitivity: normalized

current versus angle of attack.

Figure 8. Data for DIFPM design no. 2.1. (a) Trajectories to be used for energy analysis.

(b) Particle flux for each trajectory shown in part (a). A voltage sweep is applied to ¢2

and the opposite polarity applied to ¢3 while ¢1, ¢4, and ¢5 remain constant. (c) Energy

calibration curve with the indicated linear fit. The values for the positive and negative

peaks (,) have been averaged for this plot.

Figure 9. Comparison of instrument response for the energy analysis trajectories at dif-

ferent angles of attack to the probe.

Figure 10. Data for DIFPM design no. 2.1. (a) Trajectories to be used for ion mass anal-

ysis. (b) Particle flux for each trajectory shown in part (a). ¢1 is held constant while the

remaining plates are all swept with the same voltage magnitude. The polarity is indicated

in part (a). (c) Peak voltage versus energy with the indicated linear fit. The values for

the positive and negative peaks (,) have been averaged for this plot.

Figure 11. Comparison of instrument response at an angle of attack -- -20 ° for both the
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energy analysis and mass analysis trajectories.

Figure 12. Instrument response for DIFPM design no. 2.1 during time-of-flight measure-

ment. The particle trajectory shown by the dashed line in Fig. 10a is chosen by selecting

the voltage for the first peak (,) observed in Fig. 10b. The modulation frequency of the

voltage amplitude is then swept. (a) Signature for different masses at a constant beam

energy. The arrows indicate the main peak. Other peaks are ghost peaks caused by dif-

ferent trajectories than that described above. (b) Signature for different beam energies of

the same mass. The arrows indicate the main peak.

Figure 13. Mass (time-of-flight) calibration curve for DIFPM design no. 2.1: frequency

value of main peak versus particle velocity. The data follow a linear behavior with the in-

dicated parameters. By using the energy calibration curve shown in Fig. 8e together with

the time-of-flight curve shown here, one can determine the composition of an unknown

plasma stream.

Figure 14. Instrument response for DIFPM design no. 2.1 during time-of-flight measure-

ment for different angles-of-attack for constant ion mass and beam energy. The baseline

for each curve has been shifted.
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